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Lactococcal siphophages from the 936 and P335 groups infect the Gram-positive bacterium Lactococcus lactis using receptor
binding proteins (RBPs) attached to their baseplate, a large multiprotein complex at the distal part of the tail. We have previ-
ously reported the crystal and electron microscopy (EM) structures of the baseplates of phages p2 (936 group) and TP901-1
(P335 group) as well as the full EM structure of the TP901-1 virion. Here, we report the complete EM structure of siphophage p2,
including its capsid, connector complex, tail, and baseplate. Furthermore, we show that the p2 tail is characterized by the pres-
ence of protruding decorations, which are related to adhesins and are likely contributed by the major tail protein C-terminal
domains. This feature is reminiscent of the tail of Escherichia coli phage N and Bacillus subtilis phage SPP1 and might point to a
common mechanism for establishing initial interactions with their bacterial hosts. Comparative analyses showed that the archi-
tecture of the phage p2 baseplate differs largely from that of lactococcal phage TP901-1. We quantified the interaction of its RBP
with the saccharidic receptor and determined that specificity is due to lower kg values of the RBP/saccharidic dissociation.
Taken together, these results suggest that the infection of L. lactis strains by phage p2 is a multistep process that involves revers-
ible attachment, followed by baseplate activation, specific attachment of the RBPs to the saccharidic receptor, and DNA ejection.

acteriophages, viruses of bacteria, are found in various num-

bers in most, if not all, ecosystems. Their ability to persist in
these diverse environments stems from their effectiveness in rec-
ognizing and replicating in their bacterial hosts. Moreover, their
remarkable genome plasticity and diversity allow them to evolve
when facing various selective forces. However, phages can be clas-
sified into a relatively small number of families. Tailed phages with
double-stranded genomes are by far the most studied bacterial
viruses, as over 95% of the known phages are grouped within the
Caudovirales order (1). The latter is divided into three families
(Myoviridae, Siphoviridae, and Podoviridae) based on the mor-
phology of their tail, which contains the host recognition device at
the distal end or through connected fibers. Each of these families is
also divided into genera, species, and numerous groups.

Phages infecting Lactococcus lactis strains predominantly be-
long to the Siphoviridae family, which is characterized by a long,
flexible, noncontractile tail. They also represent one of the most
documented phage groups in the viral databases (2). The interest
in these phages is fueled by the mostly negative impact that the
virulent members have on milk fermentation, as they infect and
lyse the drivers of this industrial process, namely, L. lactis starter
cultures (3). To date, lactococcal phages isolated worldwide have
been classified into 10 genetically distinct groups (2); however,
only 3 of them are predominant and contain numerous members,
namely, the 936, c2, and P335 groups. While virulent c2-like
phages have been shown to start their lytic infection cycle through
the recognition of a host integral membrane protein called Pip (4,
5), members of the 936 and P335 groups are believed to recognize,
in a strain-specific way, phosphopolysaccharides forming an ex-
ternal cell wall layer of L. lactis, the pellicle (6).
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Recent structure-function analyses of lactococcal phages indi-
cated that these viruses represent useful models for the study of
saccharide-recognizing Siphoviridae. The structures of several re-
ceptor binding proteins (RBPs) have been determined, including
those of 936-like phages p2 and bIL170 as well as the P335-like
phage TP901-1 (7-11). The primary role of RBPs, which are lo-
cated at the tip of the tail, is to allow the phage to recognize its
specific receptor at the cell surface. Chimeric RBPs were also con-
structed to demonstrate that their C-terminal domain, also called
the head domain, was particularly involved in this precise host
recognition process (12). Next, the crystal structures of the pro-
tein complex connecting the RBP to the rest of the phage tail, the
baseplate, were also solved for siphophages p2 and TP901-1 (13—
15). The electron microscopy (EM) reconstruction of the whole
phage TP901-1 was recently reported, as was a composite EM
model of this gigantic molecular machine (16). Finally, each of the
trimeric RBPs has been demonstrated to harbor three saccharide
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TABLE 1 Summary of data of lactococcal phage p2 single-particle EM
reconstructions

Resolution ~ No. of
Structure Method Symmetry (A) particles
Capsid Cryo-EM Icosahedral 13 3,329
Connector ~ Negative staining ~ C12 21 1,500
Tail Negative staining Helicoidal 22 2,171
Baseplate Negative staining ~ C6 22 10,000

binding sites, which can be neutralized along with the infection
process by a camelid nanobody (9, 10, 17-19). Among others, it
was proposed that the phage adsorption architectures have
evolved in correlation with the nature of the receptors found on
the host cell surface.

Interestingly, in the case of phage p2 (936), both the crystal
structure of the baseplate and the electron microscopy map of the
free virions showed that this phage contains 18 RBPs. Further-
more, in the baseplate, these host recognition (head) domains
pointed upwards, toward the capsid rather than toward the host.
However, the presence Ca®" ions in crystallization studies led to a
significant conformational change of the baseplate, leading to a
200° downward rotation of the RBPs, thereby presenting their
binding sites to the host (14). Concurrently, a channel opens up at
the bottom, which is wide enough for DNA passage. On the other
hand, phage TP901-1 (P335 subgroup II [20]) exhibits a ready-to-
infect baseplate, as its 54 RBP recognition domains are already
oriented toward the host receptors (15). Noteworthy is that the
members of the 936 group require Ca>" ions for infection, while
those of P335 subgroup II (20) do not (15).

A number of EM reconstructions have been reported for com-
plete Podoviridae phages (21-23), as they are more prone to sin-
gle-particle analysis due to their rigidity. The structures of some
Siphoviridae phages are also available, such as those of Escherichia
coli phage T5 (24), Bacillus subtilis phage SPP1 (25-27), phage
TP901-1 (16), and mycobacteriophage Araucaria (28). Due to the
inherent flexibility of siphophages, their EM structure determina-
tions have relied on a “divide-and-conquer” approach, where the
different parts of the virion are reconstructed independently and
then combined to yield the structure of the whole phage (16, 28).

Here, we report the full virion structure of the strictly lytic
phage p2, the archetype member of the lactococcal 936 group,
obtained by using single-particle electron microscopy. One of the
most interesting features observed in the virion is the presence of
a decorated tail. We characterized the binding of the p2 and
TP901-1 RBPs to the pellicle saccharide and found that kg is the
most important feature for interaction. These observations lead us
to propose the hypothesis of a three-step mechanism of adhesion
of the p2 virion to its host.

MATERIALS AND METHODS

Phage production and purification. L. lactis MG1363, the host of phage
p2, was grown in GM17 (M17 supplemented with 0.5% glucose). For
phage amplification, CaCl, was added to the medium at a final concen-
tration of 10 mM. Phage p2 was amplified and purified as reported previ-
ously (29). Purified phages were conserved at 4°C in buffer (50 mM Tris-
HCI [pH 7.5], 100 mM NaCl, 8 mM MgSQO,) (30).

Specimen preparation. Negative staining and cryo-EM grids were
prepared as previously described (14). Briefly, 3 pl of CsCl-purified phage
sample was applied onto glow-discharged carbon-coated grids (Holey
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Quantifoil grids for cryo-EM) and either stained with 2% uranyl acetate
solution (negative staining) or plunged into liquid ethane for vitrification
by using an FEI Vitrobot instrument (cryo-EM, capsid).

Data collection and image processing. One thousand negatively
stained images and 150 charge-coupled-device (CCD) cryo-EM images
were collected by using a Phillips CM200 microscope at magnifications of
X38,000 and X50,000, respectively. All processing was carried out by
using IMAGIC software (31). Defocus estimation and correction for the
microscope contrast transfer function (CTF) were carried out by using the
IMAGIC CTF2D_FIND and CTF2D_FLIP programs. Particles were se-
lected by using the program PICK_M_ALL (Table 1) and extracted into
boxes of 200 by 200 pixels, 128 by 128 pixels, and 50 by 50 pixels, for the
capsid, the connector, and the tail, respectively. These sets of particles
were further combined into three different data sets. In addition, to eval-
uate the overall dimension of the tail and the number of tail rings, 1,000
isolated phage particles with a straight tail were manually selected from
the negative staining images, extracted into boxes of 300 by 300 pixels
(coarsened by 4), and combined into a data set. Data sets were pretreated
and submitted to alignment by classification. Tail fragments were prop-
erly aligned as they were boxed, including a fragment of either the base-
plate or the connector. Initial models were built to form a visually selected
class average representing a side view imposing the corresponding sym-
metry: C6 for the full phage and tail, C12 for the connector, and icosahe-
dral for the capsid (Table 1). The initial models were then refined by
projection matching with a sampling rate of 5°. As previously described
(14), particles were always in a sideways orientation, with the symmetry
axis perpendicular to the projection direction. Therefore, maps were re-
projected along the equator (IMAGIC Euler angle 3, equal to 90°), with a
difference of 20°. After refinements, final models were obtained at resolu-
tions of approximately 13 A for the capsid, 21 A for the connector, and 22
A for the tail, as estimated by Fourier shell correlation (FSC) and the
1/2-bit threshold criterion (32) (Table 1 and Fig. 1).

Tail helical processing. The tail particles, aligned as described above,
were submitted to helical processing. The helical map was produced by
using the package IHRSR+ + (33). The rotational symmetry used was C6,
and, as the particles were already aligned, the maximum allowed in-plane
rotational angle was set to 10°. The initial helical parameters were deter-
mined by using the Brandeis Helical Package (34) to calculate the Bessel
orders of the basic layer lines (6 and —6). These were later refined by
IHRSR++ to a helical rise of 37.4 A and a rotation between subunits of
46.3°.
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FIG 1 Fourier shell correlation (FSC) curves of the final three-dimensional
reconstructions. These curves were obtained by correlation of two different
three-dimensional images created by splitting the particle set into two subsets.
The resolutions were estimated by FSC and the 1/2-bit cutoff threshold crite-
rion as 13 A for the capsid, 21 A for the connector, 21 A for the helical tail, and
25 A for the baseplate.
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FIG 2 Schematic representation and assignment of the structural gene modules of phages p2, SPP1, and TP901-1. Genes coding for nonstructural ORFs are in
light gray. The colors correspond to the colors in Fig. 2 and 4 to 6. The capsid and portal complex ORFs are in dark gray and dark yellow, respectively. The genes
coding for the tail and baseplate ORFs are in green, orange, light yellow, and blue. Sfd, scaffolding; MCP, major capsid protein, MTP, major tail protein, TMP,
tail tape measure protein; Dit, distal tail protein; Tal, tail-associated lysine; RBP, receptor binding protein; BppU, baseplate upper protein; BppL, baseplate lower

protein; NPS, neck passage structure.

Fitting and structure visualization. Molecular graphics and analy-
ses were performed with the UCSF Chimera package, available at the
Resource for Biocomputing, Visualization, and Informatics of the
University of California—San Francisco (supported by NIGMS grant
P41-GM103311). The model/EM map or EM map/EM map fitting was
performed by the option “fit in map” of the “volume” register. The
difference maps were calculated by the “vop substract” command.

Surface plasmon resonance. The surface plasmon resonance (SPR)
binding experiments were performed with a BIAcore T-200 instrument
(GE Healthcare). The matrix-free surface C1 sensor chip, HBS-P buffer
(10 mM HEPES [pH 7.4], 150 mM NaCl, 0.005% [vol/vol] surfactant
P20), and the amine coupling kit were purchased from GE Healthcare.
The sensor chip was first conditioned according to the manufacturer’s
recommendations and then equilibrated in running buffer. The pellicle
extract from L. lactis MG1363 was obtained as described previously (6).
The coupling reaction was performed as described previously (35). The
RBP head domain (host recognition) of phage p2 and the trimeric RBP of
phage TP901-1 were expressed and purified as described previously (8,
10). All SPR experiments were performed at 25°C, with a flow rate of 10
pl/min. The activation of the surface was performed with a 1:1 mixture of
0.1 M N-ethyl-N'"-(dimetheylamino-propyl)carbodiimide (EDC) and 0.1
M N-hydroxysuccinimide (NHS). Streptavidin (Sigma-Aldrich) was in-
jected over the surface in 10 mM sodium acetate buffer (pH 5.5), and
~3,000 response units (RU) of streptavidin was immobilized. The re-
maining N-hydroxysuccinimide esters were deactivated with a pulse of 1
M ethanolamine (pH 8.5). The dried biotinylated pellicle extract was di-
luted in water and injected over the target surface (Fc2), resulting in im-
mobilization at a level of 160 RU. Biotin (Sigma-Aldrich) was injected
onto the reference surface (Fcl) and reached immobilization at a level of
20 RU. The RBP head domain of phage p2 and the trimeric RBP of phage
TP901-1 were diluted to five decreasing concentrations in running buffer
and analyzed by passing them on the immobilized pellicle extract. The
ligand surface was regenerated with 10 mM HCI. The sensorgrams were
processed by using the double-referencing method (36). First, the binding
response from the reference surface was subtracted from the binding
response of the surface containing the immobilized pellicle extract to
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correct for bulk refractive index changes. Second, the response from an
average of the blank injections was subtracted to remove any system-
atic artifacts observed between the reaction and the reference flow cell.
The K, (equilibrium dissociation constant) values were obtained by
using GraphPad Prism version 5.0 for Macintosh (GraphPad Software,
La Jolla, CA, USA).

Protein structure accession numbers. The capsid, connector, and tail
reconstructions have been deposited at the EMDB with accession num-
bers EMD-2462, EMD-2463, and EMD-2464, respectively.

RESULTS

Sequence analysis of the structural cassette. Bioinformatics and
proteome analyses of the p2 virion indicated that it contains 12
distinct structural proteins (Fig. 2 and Table 2), namely, open
reading frames (ORFs) 4 to 11, 14 to 16, and 18. The nonstructural
ORF-12 was previously proposed to be a putative chaperone (37),
and this might also be the case for ORF-13, while the nonstruc-
tural ORF-17 has an unknown function. The structural gene cas-
sette is therefore very compact compared to the ones of lactococcal
phage TP901-1 (38) and B. subtilis phage SPP1 (39). The annota-
tion of the phage p2 structural cassette was revealed to be chal-
lenging due to the limited number of hits obtained by using se-
quence analysis software. Because the baseplate crystal structure
has been determined already, it was possible to assign ORFs 15, 16,
and 18 to Dit (distal tail protein), Tal (tail-associated lysin), and
RBP, respectively (14) (Fig. 2 and Table 2). BLAST analysis of the
other structural proteins yielded significant hits for ORF-4 (por-
tal), ORF-5 (capsid maturation protease), and ORF-14 (tape mea-
sure protein [TMP]). HHpred indicated that ORF-6 was the ma-
jor capsid protein (MCP), whereas the ORF-11 C-terminal
domain appeared to be related to adhesins. In fact, the attributions
of MCP to ORF-6 and major tail protein (MTP) to ORF-11 were
recently confirmed by using immunoelectron microscopy of
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TABLE 2 Phage p2 ORF assignments”

EM Structure of Lactococcal Siphophage p2

Molecular
mass Protein
ORF  Start position  Stop position  Size (aa) (kDa) pl Putative function Abbreviation ~ description  Assignment
1 274 798 174 19.9 5.2 Terminase small subunit NS seq. Id.
2 799 2421 540 62.9 5.8 Terminase large subunit NS seq. Id.
3 2411 2695 94 11.1 8.9 Endonuclease NS seq. Id.
4 2708 3844 378 43.2 5.1 Portal protein Portal Structural HHpred
5 3825 4361 178 12.3 4.5 Prohead protease Structural HHpred
6 4354 5535 393 443 5.5 Major capsid protein MCP Structural Immuno
7 5556 5819 87 10.0 6.2 Chaperone gpFI NS seq. Id.
8 5819 6133 104 11.9 8.9 Connector? HCP1 Structural Position/size
9 6123 6461 112 12.7 4.1 Stopper? HCP2 Structural Position/size
10 6452 6817 121 13.7 10.0  Tail terminator TT Structural Position/size
11 6830 7735 301 324 4.9 Major tail protein MTP Structural Immuno
12 7786 8061 91 10.6 4.9 Chaperone NS Xray
13 8081 8593 170 19.9 49 Chaperone NS Position
14 8593 11592 999 104.4 8.7 Tape measure protein TMP Structural Position/size
15 11592 12488 298 34.5 5.4 Tail distal Dit Structural X ray
16 12488 13615 375 42.8 5.3 Tail lysozyme-like Tal Structural X ray
17 13605 13898 97 11.4 9.4 Putative protein NS
18 13888 14682 264 28.6 6.8 Receptor binding protein ~ RBP Structural X ray

% aa, amino acids; NS, nonstructural.

phage p2 and antibodies specific for the two ORFs (40). ORF-7
was putatively assigned as a gpFI-like chaperone due to the loca-
tion of its gene (and its size) in the genome of p2 and comparison
with the genome of lambda (40). The gene coding for the tail
terminator (TT), being generally located upstream of the gene
coding for MTP, could therefore be assigned to orf-10, whose
protein product has a predicted number of amino acid residues
close to that of the TT of TP901-1 (121 residues and 129 residues,
respectively). Finally, ORF-8 and ORF-9 are likely two capsid
completion proteins (Table 2), as they exhibit lengths comparable
to those of the equivalent TP901-1 proteins (Fig. 2 and Table 3).

Electron microcopy reconstruction of the full phage struc-
ture. The tail flexibility of siphophages prevented electron micros-
copy studies of p2 virions as a whole, which is in contrast with the
compact podophages (22). We thus reconstructed the p2 virion as
four separate regions using the appropriate local symmetry (cap-
sid, connector complex, tail, and baseplate) (Table 1) before reca-
pitulating in silico the whole phage using a low-resolution recon-
struction obtained from a few straight phages, as described
previously (16, 28) (Fig. 3). The p2 virion is ~2,100 A long and is
assembled from an icosahedral capsid plugged via a connector to
the relatively long noncontractile tail, whose extremity is deco-
rated by a baseplate.

The capsid. Phage capsids carry and protect the viral genome,
which is packaged within their interior (41). These protein capsids
are solid devices, since DNA exerts a very high pressure on their
walls (42). We obtained a cryo-EM reconstruction of the p2 capsid
at a 13-A resolution using 3,329 particle images and applying ico-
sahedral symmetry (Table 1 and Fig. 4A). The DNA-filled mature
capsid is ~690 A wide along its 5-fold axes and harbors 60 hex-
amers and 11 pentamers of the ORF-6 MCP, organized with a
T=7 symmetry (Fig. 3 and 4). A dodecamer of the portal protein
occupies the 12th vertex position, and its density has been aver-
aged out in the capsid reconstruction process, due to the applica-
tion of icosahedral symmetry. We thus independently investigated
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the connector structure by carrying out a reconstruction of this
region only. The capsid cavity is filled with the double-stranded
DNA (dsDNA) genome (27,595 bp), arranged as concentric layers
regularly spaced by ~25 A (Fig. 4B), a feature observed in other
members of the Caudovirales order (41). All reported tailed-phage
MCP structures feature the so-called E. coli siphophage HK97 or
Johnson fold that is also shared by herpesviruses and some ar-
chaeal viruses (41, 43, 44). We expected the lactococcal p2 MCP to
exhibit a similar fold, as suggested by the results of the analysis of
the ORF-6 amino acid sequence by the HHpred server. We there-
fore built a pseudoatomic model of the p2 capsid by rigid-body
fitting of the icosahedral asymmetric unit coordinates of the ma-
ture HK97 capsid (PDB accession number 1OHG) within the EM
reconstruction (Fig. 4A). It is noteworthy that the p2 MCP has
been found to be cross-linked by proteomics analyses (40). The
seven subunits of the icosahedral asymmetric unit are well accom-
modated in the p2 capsid EM density and form an ~30-A-thick
protein layer around the DNA. The pentons protrude significantly
above the capsid surface by ~40 A, a feature observed in other
phages (such as TP901-1) but to a lesser extent (Fig. 4, inset).
The head-to-tail connecting region. The connector is a pro-
tein complex located at a unique capsid vertex where it replaces a
penton motif (Fig. 5A to C). It links the capsid to the phage tail and
forms a channel involved in packaging of the phage genomic DNA
inside the capsid during phage assembly within the infected bac-
terial cell. The connector is also involved in phage DNA release
from the capsid and subsequent entry into the bacterial cells at the
onset of infection and after the host recognition process by the
phage RBPs. The connector is often assembled from three differ-
ent components forming successive rings with 12-fold symmetry:
the portal and the first head completion protein, both exhibiting
an open central channel, and the stopper, which closes the channel
to prevent phage DNA leakage from the capsid after packaging
inside the infected bacterial cell. The stopper protein mediates the
connection with the tail terminator protein. The phage p2 con-
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TABLE 3 Comparison of p2 structural proteins with those of other
characterized phages

No. of aa
Protein ORF p2 SPP1 TP901-1
Portal 4 378 503 452
MCP 6 393 324 272
Connector 8 104 102 110
Stopper 9 112 109 103
TT 10 121 134 129
MTP 11 301 177/266" 169
Dit 15 298 253 252
Tal 16 375 1,111 946

@ Short/long forms.

nector was reconstructed at a 21-A resolution by using ~1,500
particles and applying 12-fold symmetry along its channel axis
(Table 1). The portal is a dodecamer unit with a conserved fold
among tailed phages and herpesviruses (41, 43). The p2 portal
protein (ORF-4) is smaller than the equivalent proteins of phages
TP901-1 and SPP1 (378 versus 452 and 503 residues, respectively)
(Table 3) but comparable to the coliphage HK97 portal protein
(408 residues), with which it shares 24% sequence identity. Still,
we used an SPP1 dodecameric portal model (45) to fit into the
phage p2 connector reconstruction, as it yields the best correlation
coefficient, indicative of the quality of the fit (Fig. 5D and E). We
then docked the SPP1 gpl5 dodecameric ring (PDB accession
number 2KBZ) into the region of the connector reconstruction
located directly beneath the portal (i.e., the first head completion
protein), which is also well accommodated by the density.

The tail. We devised a strategy to obtain a topological template
for the tail reconstruction and especially to obtain the number of
tail MTP (ORF-11) rings in the p2 virion. We selected a few hun-
dred phages with almost straight tails and used them for recon-
struction of a low-resolution-scaffold 6-fold-averaged map (16,
28). In a following step, small tail segments were boxed and com-
bined into one data set that was subsequently processed with the
appropriate helical symmetry at a 22-A resolution, using 2,171
particles (Table 1). These segments were then aligned on the low-
resolution scaffold of the tail. This reconstruction made it possible
to establish that the entire tail tube comprises 32 stacks, a tail
terminator hexamer (ORF-10) located at the interface with the
connector and 31 MTP (ORF-11) hexamers forming the tube,
accounting for a total length of 1,160 A (Fig. 6A).

The MTP hexamers exhibit domains protruding out of the tail
tube and decorating it on its whole length. The external diameter
of the tail tube is 165 A, while its internal diameters are 115 A and
85 A at the interhexamer junction. Of note, the tail terminator has
a diameter of ~110 A and is devoid of decorations (Fig. 3). Each
decoration of the tail tube forms a flat structure with dimensions
of 20 by 30 A. These motifs most likely result from the presence of
a C-terminal domain in the p2 MTP that approximately doubles
its number of amino acid residues relative to that of the phage
TP901-1 MTP. However, the observed decorations appear too
small to accommodate the whole MTP C-terminal domain, and
we hypothesize that they probably oscillate around their anchor-
ing positions, resulting in attenuation of their density. The 31
MTP hexameric rings are arranged with helical symmetry, char-
acterized by a twist of 46.3° and a rise of 37.4 A (Fig. 3 and 4).

The tail tube delineates an ~40-A-wide central channel needed
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for the passage of the phage dsDNA from the capsid to its eventual
entry into the cell (15, 25, 26, 45-47) (Fig. 6B and C). An elongated
density is present inside the tail tube channel, and we attributed it
to the tape measure protein ORF-14, the molecular ruler control-
ling tail length during phage assembly (48) (Fig. 6B and 5C).

The baseplate. A large macromolecular assembly, a host ad-
sorption device or a baseplate, is often observed at the tail tip of
Siphoviridae phages (13-16, 26, 28). We previously reported the
crystal and EM structures (14) of the p2 baseplate, and we com-
plete these results here by analyzing the baseplate in the context of
the full virion. In a previous study (14), the p2 baseplate led to
diffracting crystals (to 2.7 A) only in the presence of RBP binding
nanobodies (VHH5). However, the use of a nanobody led to the
loss of a baseplate element, an ORF-15 (Dit) hexamer, compared
to the cryo-EM structure of the purified baseplate without nano-

690

2100

1160

I 250 |
—>

FIG 3 Overview of the full p2 phage assembled structure. This structure was
generated by plugging the capsid (gray), connector (yellow), tail (green), and
tail tip (dark yellow) into a low-resolution structure of phage p2. Dimensions
are given in A. Pentons are identified by red arrows and points, and hexons are
identified by green arrows and points. The angle of rotation between MTP
hexamers is 46.3°.
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FIG 4 Cryo-EM reconstruction of the p2 mature capsid at a 13-A resolution. (A) Transparent surface rendering of the icosahedral reconstruction low-pass
filtered at 13 A and viewed along an icosahedral 2-fold axis. The capsid measures 690 A along its 5-fold axis. HK97 MCPs (66) have been fitted into the capsid’s
EM density map. (Inset) Close-up view of a protruding penton (distances in A). (B) Cross section of the capsid reconstruction showing the external layer of the
capsid (orange) and a few layers of the dsDNA genome organized as concentric shells (blue). (C) Close-up view of a capsid penton.

body (14). We have therefore subtracted from the phage EM struc- ~ ORF-15 that was missing from the crystal structure. The baseplate
ture the region of the reconstruction accounted for by the baseplate  lower volume (Fig. 7, blue) was calculated at a 20-A resolution
crystal structure, after removal of the nanobodies. The difference in  from the crystal structure by Chimera. It was fitted into the cor-
density (Fig. 7A, yellow) corresponds well to the hexamer of responding EM density map, which was subsequently removed.

FIG 5 Reconstruction of the p2 connector at a unique capsid penton vertex at a 21-A resolution. (A) Cross section of the p2 capsid (gray) showing the 12-fold
portal (yellow) protruding inside it. (B) Side view of the p2 connector comprising the portal (p) (ORF-4) and the head completion proteins (c+s) (ORF-8 and
ORF-9). The p2 tail terminator (TT) (ORF-10) belonging to the tail contacts the stopper at the constriction level. (C) Side-view (90° from panel A) cross section
of the p2 capsid showing the connector tube, closed by the stopper (bottom). (D) Side view of the Bacillus phage SPP1 portal and the first head completion protein
dodecamer (SPP1 gp15) fitted into the connector reconstruction. No space is left for the stopper (equivalent to SPP1 gp16) in this model. (E) Top view showing
the fitting of the SPP1 portal dodecamer into the corresponding p2 EM density along the tail axis. (F) Top view showing the fitting of the SPP1 first head
completion protein dodecamer (gp15) into the corresponding p2 EM density. Dimensions are given in A.
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FIG 6 Reconstruction of the p2 tail at a 22-A resolution. (A) Sixfold-averaged
reconstruction of a p2 phage tail segment (5 MTP rings). (B) Cross section of
the tail segment along its long axis revealing the internal TMP (orange). (C)
Cross section of the tail segment orthogonal to its long axis (the coloring
scheme is the same as in panel B). Dimensions are given in A.

The same procedure was applied to the resting and activated forms
of the baseplate (Fig. 7A and C, and B and D, respectively). These
composite views illustrate that phage p2 contains two Dit hexam-
ers organized back to back, in contrast to other Gram-positive-
infecting phages characterized to date that harbor only one Dit
hexamer (Fig. 7). The RBPs (ORF-18) are anchored via their N-
terminal domain to the lower ORF-15 ring (as seen in the crystal
structure) and via their C-terminal domain to the upper ORF-15
ring (as seen in the EM structure) (Fig. 7A). We present here
models of the resting state (free p2 virion) as well as the Ca®™-
activated form of the p2 virion to illustrate the amplitude of the
conformational changes involved in the activation process (Fig.
7). The RBPs undergo a 200° downward rotation to orient their 18
saccharide binding sites (six trimers) (Fig. 7D, red points) toward
the host surface, concomitantly with the opening of the ORF-16
trimer (Tal), to form a central channel allowing ejection of the
TMP from the tail tube, presumably across the cell wall, followed
by genome release from the capsid, which will pass through the tail
tube and enter the cytoplasm (Fig. 7D, red arrow).

RBP-pellicle interaction studies by surface plasmon reso-
nance. As the RBPs of the baseplates have been proposed to bind
to cell surface pellicles (6, 49), we used surface plasmon resonance
(SPR) to check the specific interaction between the RBP and the
host pellicle. Phages p2 and TP901-1 have different host specific-
ities and recognize L. lactis MG1363 and L. lactis 3107, respec-
tively. We therefore expected the affinity of the p2 RBP for the
pellicle saccharide of L. lactis MG1363 to be higher than that of
TP901-1. We biotinylated and attached the pellicle phosphopoly-
saccharide of L. lactis MG1363 to a Cl1 chip (GE Healthcare)
coated with streptavidin. We then injected the trimeric RBP head
(C-terminal) domain of phage p2 or the trimeric RBP of phage
TP901-1 into the BIAcore-200 microfluidic instrument at increas-
ing concentrations. For the p2 head domain, we obtained a satu-
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FIG 7 Composite X-ray—EM (22-A) reconstruction of the p2 distal tail region
(the baseplate). (A) A 20-A electron density map (blue, ribbon structure in-
side) of the resting form (free virion) of the p2 baseplate crystal structure (14)
was calculated and subtracted from the baseplate experimental EM map. The
resulting difference map (yellow) corresponds to a Dit (ORF-15) hexamer. It is
directly attached to a tail hexamer (green). (B) A 20-A electron density map
(blue, ribbon structure inside) of the activated form of the p2 baseplate crystal
structure (14) was calculated and appended to the upper Dit EM map (yellow)
attached to the tail’s first MTP ring (green). (C and D) Perspective views of the
reconstructions of the p2 phage in the resting (C) and activated (D) forms,
showing in the forefront the baseplate structure, closed and opened, respec-
tively. The red arrow identifies the open channel, and the red dots are located
at the RBP saccharide binding sites in the activated p2 phage representation.

rating curve, which made it possible to calculate a K, (dissociation
constant) value of 230 = 40 nM (Fig. 8A). For the TP901-1 RBP,
we obtained a nonsaturating curve (Fig. 8B), confirming a higher
affinity of p2 RBP for the phosphopolysaccharide of L. lactis
MG1363. More significantly, when comparing the sensorgrams
obtained with p2 and TP901-1 RBPs, the contact time of TP901-1
on the phosphopolysaccharide of L. lactis MG1363 was extremely
short compared to that of p2. In practical terms, this means that
phage TP901-1 would remain in contact with its nonspecific L.
lactis host for a very short time.

DISCUSSION

We report here the complete EM structure of a lactococcal phage
determined by single-particle analysis. Phage p2 is the flagship of
the 936 group, which are the most prevalent lactococcal phages in
industrial dairy fermentations worldwide. This phage is highly
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FIG 8 Phosphopolysaccharide binding to the p2 receptor binding protein. (A) SPR traces (left) and equilibrium curves (right) of the p2 RBP head domain
injected over Cl-grafted phosphopolysaccharide from L. lactis MG1363. (B) SPR traces and equilibrium curves of the TP901-1 RBP injected over C1-grafted

phosphopolysaccharide from L. lactis MG1363.

virulent and requires Ca>" to infect specific L. lactis cells, which is
in contrast with the less prevalent lactococcal phages belonging to
the P335 subgroup 1II (e.g., TP901-1 and Tuc2009) (15).

The shape of p2 icosahedral capsid is comparable to that of
other siphophages. The capsid pentons are, however, more prom-
inent than those of phage TP901-1 but akin to those of coliphage
HKO97. In contrast, the size of the p2 portal protein (ORF-4) is
among the smallest, particularly in comparison to those of phage
TP901-1 and Bacillus phage SPP1 (Table 3). The two putative head
completion proteins of p2 (ORF-8 and ORF-9) are comparable to
those of phage SPP1. The fit of the SPP1 portal and head comple-
tion protein 1 (gp15) into the p2 connector EM map was excellent
(Fig. 4F and 5D). However, after fitting of these two proteins, no
room was left in the p2 EM map to fit the stopper from SPP1 (gp16
[PDB accession number 2KCA]). Furthermore, in our docking,
SPP1 gp15 is located at a position normally occupied by the stop-
per (ORF-9). We therefore propose that the short p2 portal pro-
tein (smaller by ~125 residues), compared to the SPP1 portal,
leaves space that might be occupied by p2 OREF-8, similar in size to
the SPP1 protein gp15. Space would still remain available for the
stopper at the bottom of the EM density map (Fig. 5D to F), just
above the tube constriction corresponding to the stopper/tail ter-
minator junction (ORF-9/OREF-10).

One of the most striking features of the phage p2 structure is
the presence of decorations covering the tail tube that are likely
contributed by the MTP C-terminal domain. The p2 MTP (ORF-
11; 301 amino acid residues) encompasses about twice as many
residues as the TP901-1 MTP (169 residues) and is of a size com-
parable to that of the “long” MTP of Bacillus phage SPP1. In SPP1,
the MTP-encoding gene (orf17.1) yields a majority of single-do-
main MTP (159 residues) contributing only to the formation of
the tail tube. However, a ribosomal frameshift also leads to the
production, but to a lesser extent, of a two-domain MTP (266
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residues), which includes the tail-tube-decorating domain (50).
The phage N MTP (gpV) has 246 amino acid residues and is com-
posed of an N-terminal conserved domain (gpVy) (residues 1 to
159) forming the tail tube (51) and a C-terminal moiety (gpV)
(residues 160 to 246) harboring an Ig-like fold probably involved
in host cell wall saccharide interactions (52). Removal of the latter
domain by genetic engineering resulted in a decrease of infectivity
by a factor 100, illustrating its importance in the infection process
(52). The mycobacteriophage Araucaria also exhibits tail decora-
tions, and its MTP is 352 residues long (28). The ~190 extra MTP
residues at the C terminus form its tail protrusions. HHpred data
assigned the fold of an adhesin to this additional MTP domain of
phage Araucaria. Interestingly, such Ig domains were also ob-
served on phage capsids, such as that of the Bacillus podophage
$29 (53). The ~100 C-terminal residues of the $29 MCP (gp8)
exhibit a BIG2-type Ig fold, reported to mediate adhesion (12).
We evaluated the length of the p2 MTP C-terminal domain to be
at least ~120 residues, slightly larger than the Ig domain, because
the MTP tube-forming domains are generally 160 to 180 residues
long (Table 3). Taken together, these data point to a two-domain
MTP (301 amino acids) in p2, with the N-terminal domain form-
ing the tube (160 to 180 residues long) and the C-terminal domain
(~120 residues) extending out of the tube. It is tempting to spec-
ulate that this C-terminal adhesin-like domain would be involved
in some form of binding, possibly to the bacterial surface, a feature
proposed previously for phages SPP1 and A (50, 52).

The baseplate is a large macromolecular organelle involved in
specific host recognition and attachment but presents different
aspects depending on the phage. Phages that attach to host protein
receptors display a long tail fiber (26). In Gram-negative bacteria
such as E. coli, this is illustrated by phages T5 and lambda binding
to porins (54, 55). In Gram-positive bacteria, this tail fiber is ob-
served in Bacillus phage SPP1 (26, 56) and lactococcal phage c2
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FIG 9 Proposed mechanism of infection of L. lactis MG1363 by phage p2. (A) Phages are in the vicinity of the host. (B) Weak interactions are established between the
tail adhesins and, putatively, the pellicle. (C and D) Strain-specific lateral interactions may occur between the phage RBPs of the resting baseplate and the specific pellicle
(C), leading, in the presence of Ca®", to baseplate activation, RBP rotation, and strong binding involving several of the 18 saccharide binding sites (D).

(57), both binding to a host membrane protein from the type 7
secretion system, YueB (56) and Pip (58), respectively. It has been
proposed that lactococcal phages of the 936 and P335 groups may
attach exclusively to polysaccharides (6, 49) and hence display a
much larger macromolecular entity at their tail end, called the
baseplate. The baseplate dimensions of lactococcal phage p2 and
TP901-1 harbor a large number of RBPs, 18 and 54, respectively
(14, 15). These baseplates have been found to be composed of a
central axial core formed by the proteins Dit and Tal, also found in
the tail tip phages (e.g., SPP1), and of a peripheral component
formed by the RBPs, as in phage p2 (9, 14), as well as accessory
proteins, as in phage TP901-1 (8, 15) or Tuc2009 (59, 60). The
structure of the p2 baseplate was previously solved by X-ray crys-
tallography, in both the nonactivated (closed) and activated
(open, in the presence of Ca®") states. During activation, the six
RBP trimers of p2 rotate by 200°, and the Tal trimer, located at the
tail extremity, opens. In contrast, the crystal conformation of lac-
tococcal phage TP901-1 is always in a conformation comparable
to that of the activated p2 baseplate. The striking conformational
differences observed between p2 (and the other 936 phages) and
TP901-1 baseplates are correlated with functional consequences,
since TP901-1 (and the P335 group) does not need Ca>* for in-
fection.

As indicated above, these large baseplates have been proposed
to bind to cell surface polysaccharides (6, 49). L. lactis cells are
covered by different structures of “pellicle” phosphopolysaccha-
rides in a strain-specific way. These saccharides are synthesized by
glycosyltransferases and other enzymes whose genes are located in
close proximity in the L. lactis genome, the so-called pellicle gene
cluster. It has been shown that in various L. lactis strains, these
cassettes differ by the type and order of their gene components,
which should have an impact on the pellicle polysaccharide motif
and, consequently, phage sensitivity (61). Here, we show that p2
RBPs have a much higher affinity for and longer residence time in
their specific L. lactis MG1363 pellicle than TP901-1 RBPs. Al-
though the affinity is significant (~230 nM), it is much lower than
affinities measured between protein-recognizing phages and their
targets. For example, phage PRD1 binds to its host receptor
through a unique interaction with a K, of 0.2 nM (62). In the case
of phages binding to saccharides, the weaker interaction at each
site is compensated for by a high-avidity effect provided by the
multiple receptor binding sites of their baseplates, 18 for p2 and 54
for TP901-1. It is most likely that the presence of a large baseplate
at the distal end of the tail is the hallmark of phage adsorption to
saccharide-based receptors.
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Taken together, our results illustrate that phage p2 infection of
L. lactis MG1363 is likely a multistep process (Fig. 9). First, the tail
tube adhesion domains may interact with host cell wall saccha-
rides in order to maintain the phage close to its target, as proposed
for phage N or SPP1 (Fig. 9B). Once near its host, the external
accessible RBP sites of the baseplate in the nonactivated confor-
mation may scan the hosts surface (Fig. 9C) in search of specific
pellicle phosphohexasaccharide motifs, which differ between dif-
ferent L. lactis strains (61). If the number of specific binding events
islarge enough and Ca®™ is available, the mechanical pull induced
by this binding may destabilize the rest conformation of the base-
plate and disrupt the interaction between the second Dit “arm”
(14) and the RBP head domain. The RBPs would then initiate a
200° rotation toward the host’s surface, a movement coupled with
Tal opening (14) (Fig. 9D). This large conformational change is
probably somehow coupled to a signal to the stopper to open (26),
releasing the dsDNA from the phage capsid. The dsDNA would in
turn push out the TMP, which is suspected to guide delivery to the
cytoplasm (54, 63, 64). In a majority of phages, the Tal protein
harbors at its C terminus endolysin activity to digest the pepti-
doglycan and form a hole permitting the passage of the MTP and
dsDNA at the onset of infection. However, no peptidase sequence
could be identified in the phage p2 genome as for the other phages
of the 936 group (20). These phages infect their host only during
the exponential phase, while those from the P335 subgroup II,
having a peptidase, also infect the host in stationary phase (20, 65).
The peptidoglycan is cross-linked during the stationary phase, and
these P335 phages probably need the peptidase activity for their
DNA to penetrate the cell wall.

It is most likely that the two types of baseplates and adhesion
mechanisms (p2 versus TP901-1) are widespread in the Siphoviri-
dae family. Examination of several electron micrographs of si-
phophages from various bacterial species (http://www.phage
.ulaval.ca/) reveals the presence a large number of them with
baseplates resembling that of p2 or TP901-1. In this context, the
activation mechanism of phage p2 might be relevant to a large
range of phages.
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